In Entamoeba histolytica, iron modulates virulence and gene expression via unknown regulatory mechanisms. The existence of a posttranscriptional iron regulatory system parallel with the iron-responsive element (IRE)/iron regulatory protein (IRP) system in the protozoan Trichomonas vaginalis has recently been reported. Due to their evolutionary closeness and the importance of iron for growth and virulence in these protozoa, we hypothesized the existence of an IRE/IRP-like mechanism in E. histolytica. To determine the presence of IRE-like elements in some mRNAs from this parasite, we performed in silico analyses of the 5¢-and 3¢-UTRs of mRNAs encoding virulence factors and cytoskeleton, ribosomal and metabolism proteins. The Zuker mfold software predicted IRE-like secondary structures in 52 of the 135 mRNAs analysed. However, only nine structures shared sequence similarity with the apical loop sequence (CAGUGN) of the previously reported human IRE-ferritin, whereas the GUU/UUG protozoan-specific motif was detected in 23 stem-loop structures. A new motif, AUU/AUUU, was also observed in 23 structures, suggesting the possible existence of an amoeba-specific motif. Additionally, cross-linking and RNA electrophoretic mobility shift assays showed specific RNA-protein interactions, using as a model two amoebic IRE-like elements from iron-regulated mRNAs and HeLa, T. vaginalis and E. histolytica cytoplasmic proteins. Our data suggest the presence of a posttranscriptional iron regulatory IRE/IRP-like mechanism in E. histolytica.
INTRODUCTION
Iron is an essential element for most organisms and functions as a cofactor in many biochemical activities, including oxygen transport, cellular respiration and DNA synthesis. Iron deficiency can cause cell growth arrest and death; however, an excess of iron is potentially toxic, generating oxidative stress [1] . Thus, to control intracellular levels of iron, an exquisite regulatory system that maintains iron homeostasis and contributes to its systemic balance has been developed in many cells [2] [3] [4] .
In prokaryotes, the expression of iron-regulated genes is modulated at the transcriptional level by the protein ferric uptake regulator Fur [5] [6] [7] ; whereas in eukaryotes, the regulation of gene expression occurs at the posttranscriptional level and is mediated by RNA-protein interactions between iron-responsive elements (IREs) and cytoplasmic iron regulatory proteins (IRPs). Higher eukaryotic IREs are conserved RNA stem-loop structures located at the 5¢-or 3¢-UTR of specific iron-regulated mRNAs. IREs contain two regions necessary for IRP binding: the consensus CAGUGN loop sequence is found most frequently, and UAGUAN is less common [8, 9] . The contiguous stem sequence contains either a conserved C nucleotide five bases upstream of the CAGUGN sequence, creating a bulge in the hairpin, or a UGC/C loop bulge [10] . Numerous studies have reported RNAs with non-canonical loop sequences that still interact with IRPs, even though many of those sequences are mutants of the canonical IREs [11, 12] . Two IRPs -IRP1 and IRP2 -have been reported. Under low-iron conditions, IRPs modulate the expression of the proteins involved in iron metabolism by binding to conserved IREs. The regulatory outcome depends on the position and context of the IRE in the mRNA: an IRP bound to a 5¢-UTR IRE represses translation, whereas an IRP bound to a 3¢-UTR IRE can indirectly activate translation via the suppression of mRNA degradation. At high-iron concentrations, IRP1 acts as a cytosolic aconitase enzyme, whereas IRP2 is degraded. The dual roles of IRP1 link gene regulation in iron homeostasis to the sensing of intracellular iron levels and oxidative stress [13] . The coordinated regulation of the IRE/IRP network enables cells to respond to multiple signals of iron availability and demand in a balanced manner [3, [14] [15] [16] [17] .
The IRE/IRP regulatory system has been extensively studied in higher eukaryotes, and this mechanism has also been previously reported in primitive eukaryotes such as parasitic protozoa. In Plasmodium falciparum, Loyesvky et al. reported the specific interaction between a plasmodial IRElike structure with a recombinant IRP-like protein from this organism [18, 19] . Additionally, a protein that binds to a mammalian IRE has been reported in Leishmania [20] , but no sequences with stem-loop structures were found. In Trichomonas vaginalis, an atypical IRE-like structure in a cysteine proteinase-encoding mRNA that is differentially expressed by iron (tvcp4) has been characterized [21] [22] [23] . Although the IRE-tvcp4 loop sequence (GGCACA) is atypical, compared to higher eukaryotes, in gel shifting and UV cross-linking assays, it specifically binds to human recombinant IRP1, HeLa IRPs and cytoplasmic proteins from T. vaginalis [21] . In this parasite, the cytoplasmic protein a-actinin 3 (TvACTN3) specifically binds to trichomonad IRE-tvcp4 and an IRE from the human ferritin gene (IRE-fer) when the parasites are grown under iron-depleted conditions [23, 24] .
Entamoeba histolytica is an enteric protozoan parasite capable of invading intestinal mucosa and spreading to other organs, mainly the liver, and is a significant source of morbidity and mortality in developing countries [25, 26] . E. histolytica uses diverse human proteins, such as haemoglobin [27] [28] [29] , holo-transferrin (Tf) [30] , holo-lactoferrin (Lf) [31] and ferritin [32] , as sources of iron. Indeed, iron is an important factor for E. histolytica's growth, adherence and cytotoxicity and it modulates its gene expression [33] . A Northern blot analysis in E. histolytica grown under an iron-limited medium showed induction of the expression of six genes encoding cysteine proteinases (EhCP1, EhCP2, EhCP3, EhCP4, EhCP5 and EhCP6), actin, elongation factor 1a, ribosomal proteins (S2, S14, S23, L13 and L15) and GDP dissociation inhibitor [34] .
Iron is also an essential component of E. histolytica enzymes [35] [36] [37] . The activity of the iron-containing superoxide dismutase (Fe-SOD) enzyme increased in metronidazoleresistant strains [38] and was down-regulated by iron at the transcriptional level via a Fur-like protein [39] . E. histolytica is able to use both ferric and ferrous iron, suggesting that, in vivo, this protozoan can obtain iron from invaded organs through different routes and enzymes. EhCP5 is a cysteine proteinase that degrades host proteins and is differentially expressed in amoebae freshly isolated from hepatic lesions [40, 41] . In addition, the differential expression of an mRNA encoding a 26 kDa haemoglobin-binding protein (Ehhmbp26) with iron was reported [42] . Ehhmbp26 has been shown to be involved in iron acquisition [29, 42] and proposed to function as a haemophore secreted by E. histolytica in response to iron deprivation [42] . However, the mechanisms involved in Ehhmbp26 regulation by iron remain unclear.
Despite the relevance of iron its regulatory mechanisms in E. histolytica are poorly understood. Due to the role of iron in growth and virulence, we hypothesized the existence of cis elements, suggesting the presence of an IRE/IRP-like mechanism in E. histolytica. In this work, we analysed certain sequences in the amoeba genome exhibiting mRNA stem-loop structures. The in vitro ability of two IRE-like mRNA structures to form RNA-protein complexes was then studied using RNA electrophoretic mobility gel shift and UV cross-linking assays. Our results support the possible existence of an IRE/IRP-like regulatory system in E. histolytica.
METHODS Prediction of IREs in E. histolytica mRNAs
To investigate the presence of IRE-like sequences in certain mRNAs of this protozoan, the amoeba genome was partially analysed (www.amoebadb.org). Various groups of genes with evidence of iron regulation were selected, including virulence cysteine proteinases and haemoglobin-binding proteins [34, 42] , cytoskeleton actin, ribosomal proteins, elongation factor 1a, GDP dissociation inhibitor [34] and superoxide dismutase [39] . The reported regulatory motifs were searched to identify the 5¢-and 3¢-UTRs in each mRNA [43] [44] [45] . To identify putative hairpin IREs, secondary structure predictions were analysed in the mfold programme [46, 47] .
Parasite cultures
Trophozoites of the E. histolytica strain HM1-IMSS were axenically grown in BI-S-33 medium [48] supplemented with 20 % (v/v) bovine serum (Microlab, Mexico) and incubated at 37 C for 72 h. Parasites in the logarithmic phase of growth were also cultured under iron-restricted and ironrich conditions (6.5 or 250 µM iron, respectively). For the iron-restricted medium, BI-S-33 medium was prepared without ammonium ferric citrate, treated with 0.5 g per 100 ml Chelex-100 and sterilized after removal of the resin by filtration. For the iron-rich medium, the BI-S-33 medium was prepared to a final concentration of 250 µM ammonium ferric citrate [49] .
T. vaginalis parasites from a fresh clinical CNCD 147 isolate were cultured in trypticase yeast extract maltose medium [50] supplemented with 10 % (v/v) heat-inactivated bovine serum (Microlab, Mexico) and incubated at 37 C for 24 h. Parasites in the logarithmic phase of growth were also cultured under iron-depleted or iron-rich condition (0 or 250 µM iron, respectively), as previously described [23] .
Reverse transcriptase PCR (RT-PCR) assays
The total RNA from 10 7 parasites grown in iron-restricted and iron-rich media was obtained using the TRIzol reagent (Sigma). For RT-PCR assays, this RNA was reversetranscribed using AMV reverse transcriptase and an oligo (dT) primer. DNase I was added to remove contaminating DNA. Primers to amplify Ehhmbp26 and actin fragments were designed using Oligo 7.2 Software according to the published sequence in the amoebadb database (ID EHI_022250 and ID EHI_140120, respectively). Primers were used to amplify a 390 bp fragment of the Ehhmbp26 gene (5¢-CAAAGAATACTCACAATA-3¢ forward and 5¢-C TTTAATATACTTTGAT-3¢ reverse) and a 341 bp fragment of the actin gene (5¢-TTAATTATGGGAGACGAA-3¢ forward and 5¢-TTCATTGGGGCTTCAGTT-3¢ reverse). A 162 bp fragment of the E. histolytica b-tubulin gene (5¢-TGGAAAGTGTGAGAAAAGAA-3¢ forward and 5¢-GAAC TACTGAGAAGGTTGAA-3¢ reverse) was used as an internal control. PCR conditions were 30 cycles of 94 C for 45 s, 45 C for 30 s and 72 C for 1 min and a final extension step of a single cycle at 72 C for 5 min. The amplicons were analysed on a 1 % agarose gel with ethidium bromide staining. A densitometric analysis using a GelDoc (Bio-Rad) and Quantity One-4.6.3 1-D Analysis Software was performed. Values for b-tubulin expression were used to normalize the results of Ehhmbp26 and actin mRNAs under both iron conditions.
HeLa cell cultures
HeLa cells were grown in Dulbecco's modified Eagle medium (Invitrogen-Gibco, Carlsbad, CA, USA) supplemented with 10 % heat-inactivated horse serum and incubated at 37 C for 48 h in a 5 % CO 2 atmosphere to obtain confluent cell monolayers [51] .
Cytoplasmic extracts from HeLa cells and parasites
HeLa cell cytoplasmic extracts were prepared as previously described [23] . Briefly, harvested HeLa cells ( 4Â10 7 ) were washed twice with ice-cold PBS. The cell pellet was resuspended in three volumes of lysis buffer A [10 mM HEPES (pH 7.9), 15 mM MgCl 2 and 10 mM KCl], homogenized in a Dounce homogenizer (10-20 strokes) and centrifuged at 10 000 g for 30 min at 4 C. The supernatants were diluted at a 10 mg ml À1 final protein concentration and stored at 70 C until use. Fractionation of parasite cells was performed as previously described [23] . Briefly, T. vaginalis (5Â10 8 with a cell density of 1.5Â10 6 parasites per millilitre) and E. histolytica (2Â10 7 ) parasites cultured under various iron conditions were harvested at 750 g for 5 min at 4 C and washed twice in ice-cold PBS (pH 7.0). The parasite pellet was resuspended in 1 ml of extraction buffer [10 mM HEPES (pH 7.6), 3 mM MgCl 2 , 40 mM KCl, 5 % glycerol and 0.5 % Nonidet P-40; Sigma] containing protease inhibitors (7.5 mM TLCK and 1.6 mM leupeptin; Sigma), vortexed and incubated for 20 min on ice. The parasite lysate was centrifuged for 10 min at 1000 g. The pellet was discarded. The supernatant was centrifuged for 10 min at 10 000 g and the new supernatant (cytoplasmic extracts) was stored at 70 C for up to 1 week until use in RNA electrophoretic mobility shift assay (REMSA) and UV cross-linking assays.
In vitro transcription of RNA sequences The DNA used for in vitro transcription included the pSPTfer plasmid (kindly donated by Dr Lukas Kühn), which contains the human ferritin H-chain IRE (IRE-fer) linearized with BamH1 [9] , the E. histolytica amplicons of the Ehhmbp26 IRE-like sequence (obtained by PCR using the sense primer 5¢-TAATACGACTCACTATAGGGGAATAAA TTGAATTAATGTT CTCT TTATTA-3¢ and the antisense primer 5¢-TAATAAAGAGAACATTAATTCAATTTATTC-3¢) and the actin IRE-like sequence (obtained using the sense primer 5¢-TAATACGACTCACTATAGGGGACGAAGAAG TTCAAGCACTTGTTGTA-3¢ as forward and antisense primer 5¢-TACAACAAGTGCTTGAACTTCTTCGTC-3¢ as reverse primer). The PCR sense primers contained a bacteriophage T7 promoter sequence (underlined nucleotide) and an additional GG sequence to enhance transcription. The purified PCR products (QIAquick kit, QIAGEN Mexico) were used as templates for RNA synthesis using an in vitro transcription kit (Ambion, Austin, TX, USA). The transcription reaction was performed according to the manufacturer's recommendations. Following transcription, the DNA templates were removed by treatment with DNase I (Ambion), and unincorporated nucleotides were removed by precipitation with 5 µg glycogen, 100 mM ammonium acetate salt and two volumes absolute ethanol. To synthesize radiolabelled RNA transcripts, 20 µCi ([a-32 P]UTP) (300 Ci mmol À1 ; 9.5 MBq, 250 µCi, Metrix) was included in the transcription reaction. The IRE-fer transcript encoding the canonical IRE was used as a positive control where indicated. An unrelated RNA transcript was used as a negative control [23] . To obtain the RNA secondary structure, the transcripts were incubated at 70 C for 15 min and cooled at room temperature for 20 min.
REMSA REMSA was performed to detect RNA-protein interactions as recently described [23] . C. Then, heparin (10 µg) was added and incubated for 10 min at 4 C. The RNA-protein complexes were resolved on 6 % non-denaturing polyacrylamide gels and visualized by autoradiography using an FLA 5000 phosphoimager (Fujifilm, Tokyo, Japan) with MultiGauge V3.0 [23] . C with RNase A (10 µg) and RNase T1 (20 U). RNAprotein complexes were resolved using 10 % SDS/PAGE gels. The gels were stained with Coomassie Brilliant Blue and dried, and radioactive bands were visualized by autoradiography using the same FLA 5000 phosphoimager and software (Fujifilm) described above [23] . These experiments were independently performed at least three times with similar results.
RESULTS

Stem-loop structures in E. histolytica mRNAs
The amoeba genome was used to search for various virulence factors and cytoskeleton, ribosomal and metabolic enzyme mRNAs based on their known iron regulation [34, 39, 42] . First, the 5¢-and 3¢-UTRs were identified for each gene based on typical regulatory motifs previously reported for E. histolytica [39, 43] . In this study, the 5¢-UTR of some mRNAs was short, as expected [39] (Tables S1-S4 , available in the online Supplementary Material). The three regions forming the core promoter [43, 52] [(1) an amoebic TATA box (GTATT-TAAA(G/C) located approximately 30 nt upstream of the transcription start site, (2) an initiator (Inr) (AAAAATTCA) located between nucleotides À21 and À1 from the start codon and (3) a GAAC element (GAACT) with a variable location between the TATA and the Inr sequences] were searched for in the genes of interest to delineate the 5¢-UTR in the selected mRNAs (Tables S1-S4 ).
The regulatory 3¢-end of mRNAs in this parasite is controlled by four cis-acting motifs contained within the 80 nt downstream of the stop codon. (i) The consensus polyadenylation signal or variants of this sequence are located 10-30 nt upstream of the poly(A) site, (ii) the U-rich tract is located 1-30 nt upstream of the poly (A) site and (iii) the poly (A) site and (iv) a novel A-rich element are located 3-30 nt downstream of the poly (A) site [44, 53] . In this work, the four cis-acting motifs were found in the analysed sequences (Tables S1-S4) . Thus, the 5¢-and 3¢-UTRs were delineated to search for stem-loop structure formation using Zuker mfold software. Only 52 of 135 sequences formed hairpin IRE-like secondary structures. Interestingly, 19 of the 52 mRNAs showed stem-loop structures at both 5¢-and 3¢-UTRs and some were included in the coding region ( Figs 1-4 , S1 and S2) in all of the groups analysed. However, in some cases, we observed more stability for one structure formed in one of the UTRs for each mRNA, according to the Zuker software and considering the canonical IREs (human IREs) and the reported protozoan IREs [13, 22] . The EhCP2 and EhCP5 mRNAs (EHI_033710 and EHI_168240, respectively) formed a double stem-loop structure at the 5¢-UTR, including the coding region (Fig. 1 ). This result is unexpected because it is known that EhCP2 and EhCP5 mRNAs are overexpressed under lowiron conditions [34] . However, EhCP5 is also overexpressed in amoebae freshly isolated from hepatic abscesses from a hamster animal model [40, 54] . In this in silico analysis, the stem-loop structures located at the 5¢-UTR appear to be more stable than the one at the 3¢-UTR (Fig. 1) , based on dG [Gibbs free energy or free enthalpy; a reduction in dG (negative dG) is a necessary condition for spontaneous structure formation]. One of the 5¢-UTR structures contains some of the six nucleotides that form the apical loop of the human IREs; however, both sequences of the IRE-like -5¢-UTR and 3¢-UTR -contain the GUU protozoan-specific motif. Experimental data are necessary to confirm the functionality of these IRE-like structures in E. histolytica mRNA. The Ehhmbp26 RNA sequence (EHI_022250) is able to form two IRE-like hairpins at both UTRs; however, the IRE-like structure at the 3´-UTR appears more stable. This structure contains the conserved A-U in the upper stem (as reported in higher eukaryotes) and AUU residues in the loop that could be a variant of the GUU protozoan-specific motif or a new amoebic specific motif. In addition, it has been reported to be down-regulated by iron [42] ; thus, the IRE-like structure located at the 3¢-UTR could be functional (Fig. 1) . The mRNAs coding for actin and actin-binding proteins were also analysed. Most of the mRNAs can form IRE-like structures in one of the UTRs. These IRE-like hairpins contain the A-U conserved nucleotides from higher eukaryotes and the GUU protozoan-specific motif. Moreover, the actin-binding protein (EHI_186770) IRE contains residues similar to those reported for the tvcp4-IRE loop [21, 22] (Fig. 2) . The actin sequence (EHI_140120) is able to form two IRE-like structures at both UTRs, including the coding region (Fig. 2) , as reported for tvcp4-IRE [21] . The 5¢-end of actin-IRE contains CUU residues in the loop, A-U residues conserved in the upper stem and unpaired G reported in the canonical IREs [13] . Moreover, some mRNAs coding for ribosomal proteins were analysed (Fig. 3) . Most contained the A-U conserved nucleotides from higher eukaryotes and the GUU protozoan-specific motif, or AUU and CUU, which could be a GUU variant. The IRE-like hairpins from RPL13 putative (EHI_114400) and 40S RPS23 putative (EHI_020310) have residues at positions 1-5 that form a pseudotriloop, as reported in IREs from higher eukaryotes [13] . In this group, the putative 60S RPL21 (EHI_069110), 60S RPL13 (EHI_181560) and 40S RPS23 (EHI_020310) mRNAs contain IRE-like hairpins in both UTRs. The putative 60S ribosomal protein L21 contains two IRE-like hairpins, one at the 5¢-UTR and another one at the 3¢-UTR. The latter includes a coding region similar in location to IRE-tvcp4 [21] and similar in loop sequence to the CAGUGN consensus IRE human motif [13] . Additionally, the 5¢-UTR IRE-like region of the putative 60S RPL13 is similar in its loop sequence to the IRE-tvcp4 [21] (Fig. 3) . According to the reported iron regulation of the putative 60S ribosomal protein L21 [34] , the IRE-like structure located at the 3¢-UTR could be functional (Fig. 3) . Lastly, the stem-loop structures found in the mRNAs coding for metabolic proteins such as the putative Rubrerytrin (EHI_134810) and Rab GDP dissociation inhibitor alpha (EHI_164890) contain similar loop nucleotides to the CAGUGN consensus human IRE motif, whereas the IRElike FeSOD (EHI_159160) contains the conserved AU form from higher eukaryotes and the GUU protozoan-specific motif (Fig. 4) . Remarkably, most of the mRNA sequences analysed showed atypical IRE-like structures when compared to those reported in higher eukaryotes. Only nine show similar nucleotides to the CAGUGN consensus human motif, and a large curved arrow indicates the 5¢-to-3¢ or 3¢-to-5¢ orientation of the sequence. The GUU/UUG protozoan-specific motif is indicated with small arrows [22] . Asterisk: residue U conserved on canonical IREs [13] . dG, Gibbs free energy or free enthalpy; in this case, a reduction in dG (negative dG) is a necessary condition for spontaneous structure formation.
sequences shared similarity to the conserved human IRE-fer loop (CAGUGN): EhCP1 (EHI_074180, IRE-like structure at the 3¢-UTR and coding region) (Fig. 1) , 60S ribosomal protein L21 (at the 5¢-UTR) (Fig. 3) , Rubrerythrin putative (EHI_134810) and Rab GDP dissociation inhibitor alpha putative (EHI_164890), at the 3¢-UTR including the coding region (Fig. 4) and some sequences annotated as hypothetical proteins (Fig. S1) . Interestingly, the GUU loop motif reported as a protozoan-specific IRE-like motif [22] was present in all groups analysed (Figs 1-4 , S1 and S2). Additionally, a new motif was also found in the amoeba IRE-like structures: the AUUU/AUU sequence that is present in 10 of 36 mRNAs analysed (Figs 1-4 , S1 and S2), suggesting the presence of a new loop-specific motif for this parasite or a new variant of the GUU loop motif, reported as a protozoan-specific motif. Moreover, some structures do not exhibit any of these motifs in the loop; instead, these sequences were found in the stem structure (Figs 1-4 , S1 and S2). Thus, it is possible that an amoebic IRP-like or RNA-binding protein recognizes the sequence in the loop or stem more than, or in addition to, the structure. The data in this work give in silico evidence of cis elements such as Actin, putative (5′ UTR/CR) EHI_039070 dG=-2.90 Fig. 2 . Prediction of stem-loop structures of E. histolytica mRNAs coding for cytoskeleton proteins. The six nucleotides that form the apical loop of the canonical IREs [13] are underlined. Nucleotides U-A/A-U, in rectangles, indicate conserved nucleotides in the upper stem. The GUU/UUG protozoan-specific motif is indicated with small arrows [22] . Asterisk: residue U conserved on canonical IREs. Small triangles show residue A conserved in a protozoan-specific motif [22] . The underlined residue C or G indicates the unpaired residue at position 8 [13] . Filled black squares show residues similar to that reported for the tvcp4-IRE loop [22] . dG, Gibbs free energy or free enthalpy; in this case, a reduction in dG (negative dG) is a necessary condition for spontaneous structure formation.
IRE-like structures in E. histolytica, which are present in mRNAs coding for various groups of proteins. Some are differentially regulated by iron, including those involved in virulence. Experimental data will be necessary to demonstrate the functionality of these IRE-like structures.
Differential expression by iron of two amoebic mRNA with IRE-like structures
In this work, semiquantitative RT-PCR assays of Ehhmbp26 were performed to correlate iron regulation with the presence of an IRE-like structure in its 3¢-UTR. As expected, Ehhmbp26 (annotated as hypothetical protein EHI_022250) 
RPL13, putative
(5′ CR) EHI_114400 dG=-1.20 Fig. 3 . Prediction of stem-loop structures of E. histolytica mRNAs coding for ribosomal proteins. The six nucleotides that form the apical loop of the canonical IREs [13] are underlined. The dotted line in the loop indicates the residues at positions 1-5 that form a pseudotriloop (G-C/C-G or G-U). Nucleotides U-A/A-U, in rectangles, indicate conserved nucleotides in the upper stem. Filled black circles show similar nucleotides to the CAGUGN consensus human motif, and a large curved arrow indicates the 5¢-to-3¢ or 3¢-to-5¢ orientation of the sequence. The GUU/UUG protozoan-specific motif is indicated with small arrows [22] . Asterisk: residue U conserved on canonical IREs. Small triangles show residue A conserved in the protozoan-specific motif [22] . The underlined residue C or G indicates an unpaired residue at position 8 [13] . Filled black squares show residues similar to that reported for the tvcp4-IRE loop [22] . dG, Gibbs free energy or free enthalpy; in this case, a reduction in dG (negative dG) is a necessary condition for spontaneous structure formation.
was overexpressed under low-iron conditions and compared with the b-tubulin gene (internal control, used as 100 % intensity in the densitometry scans) (Fig. 5a, b) , using RNA from both iron conditions and consistent with a previous report [42] . Thus, Ehhmbp26 is negatively regulated by iron. Due to the presence of an IRE-like structure at the 3¢-UTR of the mRNA and the observed negative iron regulation, Ehhmbp26 could be regulated at the posttranscriptional level. Thus, additional experiments are necessary to determine mRNA stability and identify the E. histolytica RNAbinding protein that interacts with the Ehhmbp26 IRE-like hairpin structure reported in this study. Semiquantitative RT-PCR assays of amoebic actin were also performed to correlate iron regulation with the presence of an IRE-like structure in its 5¢-UTR. The results showed that amoebic actin is positively modulated by iron (Fig. 5c, d) , most likely at the posttranscriptional level.
Ehhmbp26 and actin IRE-like structures specifically bind to HeLa cytoplasmic proteins To investigate whether the Ehhmbp26 and actin IRE-like structures found by in silico analysis of the 3¢-and 5¢-UTRs of these mRNAs (3¢-UTR Ehhmbp26 and 5¢-UTR actin IRE-like) are able to bind typical IRP proteins, we performed REMSAs using HeLa cell cytoplasmic extracts as a source of IRPs and in vitro transcribed IRE-like Ehhmbp26 and actin structures. Fig. 6 shows the formation of RNAprotein complexes between these two amoebic IRE-like structures and human IRPs from HeLa cells (Fig. 6a, lanes  2, 4, and 6 ). When the IRE-like Ehhmbp26 RNA was used as a probe, the formation of three complexes with similar migration to the control human IRE-ferritin was observed (Fig. 6a, lane 4; 6b, lanes 2 and 5) . To investigate the specificity of this interaction, we performed REMSA competition assays using IRE-Ehhmbp26 and IRE-fer RNA as related competitors and a non-related RNA as a negative control [23] . Our results show a reduction, mainly in the band intensity of complexes I and II with the related competitors (Fig. 6b, lanes 4 and 6) , compared with the non-related competitor (Fig. 6b, lanes 7 and 8) . Therefore, the RNAprotein complex formation is specific. Our data suggest that this IRE-like structure in the Ehhmbp26 3'-UTR appears to be functional; additional experiments to confirm this are underway. Thus, our data suggest that Ehhmbp26 may be down-regulated by iron through an IRE/IRP-like mechanism. On the other hand, the IRE-like actin RNA is also
Rubrerythrin, putative (5′ CR) EHI_134810 dG=-0.40
Rab GDP dissociation inhibitor alpha, putative
(3′ CR/UTR) EHI_164890 dG=-6.10 Filled black circles indicate similar nucleotides to the CAGUGN consensus human motif and a large curved arrow indicates the 5¢-to-3¢ or 3¢-to-5¢ orientation of the sequence. The GUU/UUG protozoan-specific motif is indicated with small arrows [22] . The underlined residue C or G indicates an unpaired residue at position 8 [13] . dG, Gibbs free energy or free enthalpy; in this case, a reduction in dG (negative dG) is a necessary condition for spontaneous structure formation.
capable of forming complexes with the cytoplasmic proteins of HeLa cells (Fig. 6a, lane 6) . To investigate the specificity of this interaction, we performed REMSA competition assays using IRE-actin and IRE-fer RNAs as related competitors and a non-related RNA as a negative control [23] .
Our results show a reduction in the RNA-protein complex band intensity with the related competitors (Fig. 6c , lanes 4 and 6) compared to the non-related competitor (Fig. 6c,  lanes 7 and 8) . Therefore, the RNA-protein complex formation is specific. Ehhmbp26 and actin IRE-like structures interact with similar HeLa cytoplasmic protein bands as IRE-fer Cross-linking assays were performed to confirm the size of the proteins capable of forming complexes between the Ehhmbp26 and actin IRE-like elements and cytoplasmic proteins from HeLa cells. The results showed interaction of the Ehhmbp26 (Fig. 7b, lane 2) and actin IRE-like RNAs (Fig. 7c, lane 2) with 110, 98, 65 and 60 kDa protein bands, similar to those observed with the human IRE-fer structure (Fig. 7a, lane 2) . The 110 and 98 kDa protein bands may correspond to the human IRPs. The other proteins could correspond to other RNA-binding proteins that interact with the human IRE-fer (used as a control) and with the amoebic IRE-like RNAs reported here. Our data suggest that the Ehhmbp26 and actin IRE-like structures specifically bind to the human IRPs (98 and 110 kDa) and to other cytoplasmic proteins.
Ehhmbp26 and actin IRE-like structures interact with T. vaginalis and E. histolytica cytoplasmic proteins In T. vaginalis, cytoplasmic proteins capable of binding to human and trichomonad IRE-like structures have been reported [21] , even though the T. vaginalis genome does not show typical IRPs or aconitase-coding genes. UV cross-linking assays were performed to investigate whether amoebic Ehhmbp26 and actin IRE-like structures are capable of forming complexes with cytoplasmic proteins from T. vaginalis and E. histolytica. The results showed that both Ehhmbp26 and actin IRE-like structures interacted with cytoplasmic proteins from T. vaginalis in the 30-50 kDa range (Fig. 8a, b , lanes 3-6), as well as from E. histolytica (Fig. 8c, d, lanes 3-6) . These data suggest that there are cytoplasmic proteins in T. vaginalis and E. histolytica with different sizes than the human IRPs and they could have an RNA-binding function.
The results suggest that the Ehhmbp26 IRE-like structure located at the 3¢-UTR interacts with human IRPs and with trichomonad and amoebic cytoplasmic proteins of different sizes. Hence, it is possible that when the parasite is under iron-restricted conditions, an amoebic IRP-like or RNA-binding protein may bind to the Ehhmbp26 IRE-like structure at the 3¢-UTR, stabilizing the mRNA and allowing its translation (Fig. S3a) . It may also bind to the actin IRE-like located at the 5¢-end to repress its mRNA translation (Fig. S3b) , similar to the iron regulation of the transferrin receptor and the ferritin mRNAs of mammalians [3] . Thus, E. histolytica can regulate genes encoding virulence factors depending on environmental iron levels via a posttranscriptional IRE/IRP-like system similar to that in higher eukaryotes. The presence of IRP-like or RNA-binding proteins in E. histolytica cytoplasmic extracts is under study.
DISCUSSION
Iron is an important factor for E. histolytica growth, adherence and cytotoxicity that also modulates gene expression in the parasite [33, 34, 39, 42, 55] . However, the iron regulatory mechanisms are poorly understood. In the present study, we performed in silico analyses of the 5¢-and 3¢-UTRs of mRNAs encoding virulence factors and cytoskeleton, ribosomal and metabolism proteins based on their previously reported iron modulation [34, 39, 42] . Moreover, we included additional mRNAs for each group analysed. For this, we delineated 5¢-and 3¢-UTRs based on reported motifs [39, 43, 44, 52, 53] to search for the formation of stem-loop structures using the Zuker mfold software [46, 47] . We found the formation of several IRElike structures (52 of 135 analysed) in various mRNAs, including those modulated by iron and involved in virulence [34, 39, 42] . The presence of IRE-like structures in these protozoa was recently reported in a study using the . IRE-fer, hairpin-loop secondary structure located at the 5¢-UTR mRNA of the heavy chain of human ferritin [9] .
SIREs web server [55] ; the results found 550 transcripts containing IRE-like structures across the entire genome. The IRE-like structures were more present in coding regions than in UTRs. In addition, only 18 transcripts with putative IREs appeared to be significantly regulated in the microarray analyses [55] . However, the SIREs web server is based on canonical IREs (human ferritin-IRE), and the iron concentrations used in that study were different from those used here. In this work, we reported the presence of atypical IRE-like structures using the Zuker mfold software within the coding region and at the 5¢-and 3¢-UTRs of many mRNAs, including those modulated by iron. For example, FeSOD, EhCP5, actin and Ehhmbp26 were included; previous reported data showed iron modulation using varying culture iron concentrations [34, 39, 42] . Here, we confirm the differential iron regulation of the last two mRNAs under varied iron concentrations (6.5 and 250 µM iron). Thus, this work supports the existence of IRE-like structures in E. histolytica.
In addition, in our analysis, certain mRNAs contained IRElike structures in both 5¢-and 3¢-UTRs. However, the presence of some residues was reported for canonical [13] and protozoan IRE-like structures [22] by the Zuker mfold software, while iron modulation was reported for some mRNAs. Only one of these can be functional. Experimental data are necessary to demonstrate its functionality. Moreover, the stem-loop structure analysis showed the presence of atypical IREs. Remarkably, the GUU/UUG protozoanspecific motif and a new motif AUU/AUUU were observed in almost all mRNAs analysed. This new motif could be an amoeba-specific motif. Likewise, all the analysed structures showed the presence of several motifs. Surprisingly, these sequences were also found in the stem structure, suggesting a possible interaction between an amoebic IRP-like motif and this stem sequence.
We also correlated iron modulation with the presence of IRE-like structures in the UTR of the Ehhmbp26 and actin genes using RT-PCR assays. Our data in this work suggest that Ehhmbp26 and actin iron regulation likely occurs at the posttranscriptional level. In addition, REMSA and cross-linking assays showed specific interactions with four protein bands of HeLa cytoplasmic extracts as in IRE-fer. Moreover, UV cross-linking assays using cytoplasmic proteins from T. vaginalis and E. histolytica showed that Ehhmbp26 and actin IRE-like structures can interact with proteins of different sizes than the reported human IRPs. This is not surprising since T. vaginalis proteins that differ in size from human IRPs are capable of binding to the trichomonad IRE-like structures. In fact, in this parasite, an a-actinin with the ability to bind to RNA that could participate in the posttranscriptional iron regulatory mechanism has been identified and characterized [23] , as have other proteins (actin and HSP70) [24] . We performed an extensive in silico analysis and found no sequences in the E. histolytica genome with homology to an IRP reported in human or other higher eukaryotes (data not shown). The results also showed no sequence homologues to the IRPlike motif of P. falciparum. This is not surprising since the T. vaginalis genome does not show typical IRPs or aconitase-coding genes [24] . However, our group has previously demonstrated that T. vaginalis has cytoplasmic proteins capable of binding to human and trichomonad IRE-like structures [21] . Recently, using REMSA, supershift, UV cross-linking and Northwestern blot assays in concert with MS analysis, the 135 kDa cytoplasmic protein a-actinin (TvACTN3) with the ability to bind to IRE-like RNAs that can participate in the posttranscriptional iron regulatory mechanism of T. vaginalis has been identified and characterized. As in T. vaginalis, there are likely to be other proteins with RNA-binding functions (possibly multifunctional). In this case, experimental assays are needed (Northwestern blot and MALDI-TOF) to identify and characterize these RNA-binding proteins in E. histolytica. These assays are underway.
Thus, the IRE-like structure in the 3¢-UTR of the Ehhmbp26 could help to stabilize mRNA in iron-restricted conditions to allow its translation via an IRE/IRP-like system. In contrast, the IRE-like structure at the 5¢-end of the actin mRNA could repress translation, interfering with ribosomal assemblage via an IRP-like interaction (Fig. S3) .
Thus, E. histolytica can regulate genes encoding virulence factors, depending on the environmental iron levels, via a posttranscriptional IRE/IRP-like system similar to that in higher eukaryotes. The characterization of IRP-like or RNA-binding proteins in E. histolytica cytoplasmic extracts is currently under study in our laboratory.
In summary, our results show evidence of the presence of atypical IRE-like hairpin-loop structures in some E. histolytica mRNAs, supporting the possibility of an iron regulatory mechanism at the posttranscriptional level similar to the IRE/IRP system of higher eukaryotes. Two of these IRE-like structures specifically bind to cytoplasmic proteins from HeLa cells and are partially competed by the typical IRE-fer structure. Additionally, cytoplasmic proteins from T. vaginalis and E. histolytica can bind to the amoebic IRE-like structures reported in this study. Therefore, these amoebic IRE-like structures could represent ancestral IREs, as they first appear in protists, further evolve in higher eukaryotes and are selected for the most conserved loop sequence CAGUGN. Investigation of this mechanism could provide insight into the complex functions that iron plays in the 
